Introduction
The use of devices such as tablets, smartphones, consoles and others is changing people's habits (De Haan, 2013) (Peter et al., 2008) . Due to this and its more natural and intuitive way of interaction (Smith et al., 2012) multi-touch technology is used in most emergent devices (Johnson et al., 2012) , is widely accepted (Buxton, 2013) and young children are confronted with this technology even before oral communicative functions are fully developed (Plowman, 2015) . There have been multi-touch usability studies targeted at a range of users from prekindergarten (Nacher et al., 2014) (Vatavu et al., 2015) to adults and the elderly (Gao and Sun, 2015 ) (Smith and Chaparro, 2015) (Mihajlov et al., 2014) . There is thus a clear trend towards using this technology not only by adults but also by children and elderly people.
Of the potential users of this technology, we are particularly interested in people with Down's Syndrome (DS) because it is unclear how their motor and cognitive development influences their ability to use gesture based interaction. The total number of children born with DS has increased by 31% since the eighties (Shin et al., 2009 ) and at present there is one case per 691 births (Parker et al., 2010) . People with DS have a cognitive delay (Chapman, 1997) reflected in lower IQ scores in the 40-70 range (Feng et al., 2010) indicating mild to moderate mental impairment (Bull, 2011) and being the intellectual gap with normal children increased with age (Carr, 1985) . DS children are affected by three main types of disabilities: cognitive, motor and perceptual (Cohen, 2003) , which involves their gross and fine motor skills, their cognitive, linguistic, sensory perception and processing and their communication skills (Abbeduto et al., 2001 ) (Kumin, 2003) . In addition, other areas of development such as social, emotional, communication and self-help skills could be delayed too (Bruni, 2006a) . In the specific case of motor skills, they have a retarded neuro-motor development in the first period of life (Vicari, 2006) , the motor development is delayed and inharmonic (Pangalos et al., 1994) and the age when children with DS achieve gross motor function is approximately twice the age of a typically developing children (Pueschel, 2009) . This is because, as Henderson (1985) points out, reduced explorative behavior can be of importance and neuro-motor system impairments can play a role. Groden (1969) and Hayden (1964) conclude that mentally handicapped children are on average less strong, have less stamina and more problems in the execution of complex motor tasks. They usually have problems with fine motor skills (coordination, manipulation) and problems in eye-hand coordination, dexterity and reaction speed. Moreover, the situation of children with DS is even worse when compared with the children mentally handicapped in other ways. The results of the study by Connolly and Michael (1986) show that the DS children achieve significantly less in terms of the speed of walking, balance, strength, eye-hand coordination and general gross and fine motor abilities making children with DS a special group that deserves a closer attention when considering technologies that require fine motor skills.
Regarding the cognitive capabilities of children with DS, their cognitive development is delayed (Weijerman and de Winter, 2010) having lower development in intelligence, attention, verbal communication, learning and memory (Pangalos et al., 1994) .
However, taking into account the complexity of designing technologies for children with disabilities, due to their diversity and special needs in their daily lives (Garzotto and Gonella, 2011) , there are no usability studies in the literature that explore the suitability of multi-touch gestures for DS children according to their actual cognitive and motor development. This paper evaluates the suitability of a basic set of multi-touch gestures to determine whether DS children from 5 to 10 years old have the required motor skills to be able to use this technology and fully exploit its possibilities. As interfaces for children should be designed according to their development stages and their actual needs (Markopoulos and Bekker, 2003) , this work addresses the study of these needs to help designers to use good interaction opportunities and develop applications following an inclusive approach that are able to transparently adapt the level of interaction assistance to the actual abilities of the users.
The results of the study suggest that despite their motor issues related to finger and hand movements (including hyper and hyposensitivity to touch) and their difficulty with fine motor movements (Bruni, 2006b) , DS children are able to perform a basic set of touch screen gestures with high success rates. They were found to be able to perform properly the tap, double tap, one finger rotation, scale up and scale down gestures. Future applications targeted at them could thus benefit from this wider set of gestures and provide a more enriching interaction when developing multi-touch applications for these users.
Related work

Studies on fine motor and other skills development
Many works reviewed in (Lauteslager, 2004) have studied intervention methodologies and defined theoretical frameworks which interpret the motor behavior of DS children providing insight into the specific manner in which the motor development proceeds. However, the focus has been on basic gross-motor skills in early childhood such as motor activity in supine and prone positions, their ability to move forward on the ground, sit on the ground, sit as a transitional posture, stand up or walk.
Other works such as (Memisevic and Macak, 2014) have examined fine motor skills in children with DS in relation to children with other intellectual disabilities and with respect to the child's gender. In this case a Purdue Pegboard Test (a board with two sets of 25 holes positioned vertically requiring the children to put as many pegs as possible in the 25 holes in 30 seconds) was used and their results found no statistically significant differences in both cases. These conclusions are only applicable to children aged 7-15 and only apply to a very basic fine motor interaction which does not involve touch interaction. Other studies have revealed development differences between male and female neuro-typical children in early development such as higher mastery of motor skills in girls (Hardy et al., 2010) (Moser and Reikerås, 2016) or higher performance of boys in spatial tasks (Levine et al., 1999) , opening the door to exploration of gender differences in performance.
In the same line of research, the work of Frank and Esbensen (2015) consisted of a crosssectional retrospective chart review with 274 children with DS seen at a specialty clinic that ranged in age from 4 months to 18 years. Specific skills were assessed at occupational therapy assessments as either present or absent, including fine motor, handwriting, scissor usage, selffeeding and clothing management. Their results show that the age range for mastering fine motor and self-care skills broadens as children with DS get older and is in agreement with what is identified in the DS behavioral phenotype with regard to variable motor skills overall.
However, this study does not address any of the precision activities that are required when using multi-touch devices such as the ones considered in our study.
Finally, there are works for practitioners such as Bruni (2006b) that indicate the importance of developing stability, bilateral coordination, and sensation before children with DS can master finger and hand skills but no recommendations are given with respect to the use of multi-touch technologies to help these children develop these abilities.
Addressing fine-motor skills at a younger age is critical because, as pointed out in (Almeida et al., 2000) (Dulaney and Tomporowski, 2000) , data from experimental studies requiring fine motor tasks to be carried out report significant improvement (in both speed and accuracy) in the performance of tasks with practice. This is even more important for children with DS because they require about twice as much practice to reach the same level as typically developing individuals of the same mental age. Therefore, the possible use of technologies to train fine motor skills at early stages of development could result in important benefits for these children.
Uses of technology with DS individuals
In this respect, the use of technological instruments to help DS individuals develops different types of abilities or to support them during everyday activities has been the focus of extensive efforts. For instance, Lazar et al. (2011) evaluated the abilities of DS adults in terms of workplace-related tasks. Despite there is no evaluation of fine motor skills of the users with DS, the results showed that they are able to use computers for basic work-place tasks such as data entry, word processing and communication using the same keyboard and mouse interfaces as a typical user. In addition, as Feng et al. have pointed out (Feng et al., 2008) , more than 70% of children with DS had started using computers by the age of five and 86.6% of children use computers at school. Kirijian et al. (2007) presented Web Fun Central, a web application developed specifically for DS teenagers whose main goal was to help teach web browsing and other computer skills. After designing and testing the system with DS teenagers, the authors defined a set of guidelines to be used when designing webs specifically for these users. For example, due to the limited motor skills of people with DS they have several issues when clicking on a small target; hence, the targets need to be bigger when designing applications for them. Another study by Ortega-Tudela and Gomez-Ariza (Ortega-Tudela and Gómez-Ariza, 2006) evaluated how a computer-assisted teaching method can help DS children to learn basic mathematical concepts (counting and cardinality activities). The work compared the computerassisted strategy with a paper-based learning method and the results showed that the first group performed better showing that the visual help offered by the computer facilitated the perception and ability to process information of children with DS. Hence, this type of strategies could fit the special needs of these children more than the traditional pencil and paper-based. Brandao et al. (Brandão et al., 2010) evaluated the way in which DS children interacted when playing computer games and found that these games are not suitable for the actual needs of these children. Hence, the authors developed their own computer game that stimulates a set of cognitive activities such as imitation, perception, fine motor skills, hand-eye coordination and receptive and expressive verbal language. This game was evaluated with a group of DS children who were able to complete all the proposed activities correctly. Following the same line, Haro et al. (2012) developed a pedagogical approach to teach reading and writing to DS children using a book augmented with tangible interfaces in tablets and tabletops. The results of the experiment showed that children were motivated when using the system and stayed focused on the learning activities. Nevertheless, this work did not use any kind of multi-touch interaction, since the children used tangible elements to interact with the devices. The studies listed above show that people with DS can take advantage of the new technologies when designers develop tailored interfaces to their abilities. However, they do not include multi-touch technology and so the interaction of DS subjects with touch screen devices has not been evaluated.
Multi-touch technology studies
One of the few existing studies on DS people using multi-touch technology is the work by Kumin and Lazar (2012) , who evaluated the usability of workplace-related tasks using tablet devices with DS adults. Their results showed that all the participants completed most of the tasks and DS adults interacted with the touchscreen surface in a similar way to neuro-typical users. Few works can be found in the literature focused on the use of multi-touch devices by DS children. Jadan-Guerrero et al. (2015) presented the Kiteracy framework to help in literacy learning. They compared three interaction methodologies; cardboard, multi-touch and tangible and their results showed that in the traditional cardboard approach the teachers take control of the activity, in the tangible approach children take control and in the multi-touch approach the control is shared by the children and teachers. In the self-learning sessions evaluated, the authors observed that the multi-touch and tangible approaches are more enjoyable for children.
Finally, the use of the framework offered advantages for literacy skills since the interaction between children and teachers increased respect to the traditional approach.
Other interesting studies can be found addressing the use of touch devices by children with other types of cognitive disorders such as Asperger's Syndrome and Autism Spectrum Disorder (ASD) (Hourcade et al., 2011) (Piper et al., 2006) (Rubio et al., 2012) (Weiss et al., 2011 ) (Fernández-López et al., 2013 . These works obtained positive results in terms of collaboration and motivation. However, they did not study the usability of multi-touch gestures and did not use DS children as subjects, so that their results cannot be extrapolated to DS users. (Aziz et al., 2015) 5 Unknown Evaluate the usage of a mobile numerical application Smartphone (Reis & Margarida, 2015) 1 15
Examine differences in the usage of smartphones and tablets
Tablet/ Smartphone
The present study 55 5-10
Usability study (tap, double tap, long press, drag, scale up, scale down and one finger rotation gestures)
Tablet
Multi-touch technology avoids the problems of using mediated devices, such as mouse, keyboard or joystick, and enables users to take advantage of the direct manipulation interaction and the benefits of direct touch. As far as we know, the existing studies on DS subjects only evaluated small groups of users (see Table 1 ). Moreover, there are no existing studies that address the usability of multi-touch gestures by DS children. The few works that do exist do not focus on gesture usability and do not explore suitability of the gestures according to the actual cognitive and motor development of children with DS, but evaluate an application which did not involve a complete set of multi-touch gestures. Therefore, the aim of the present study is to evaluate the actual capabilities of DS children when using multi-touch technology and to find out which gestures are suitable for them as it has already been studied with typically developing children with gestures of different cognitive complexity level (Nacher et al., 2015) (Vatavu et al., 2015) .
Experimental Study
The overall goal of our study was to investigate the suitability of a basic set of multi-touch gestures for DS children. Using the GQM (Goal Question Metric) template (Basili et al., 1994) , it could be defined as follows: analyze a set of multi-touch gestures for the purpose of evaluating their suitability from the viewpoint of usability in multi-touch technologies in the context of DS children.
For this study, DS children of both genders aged between 5 and 10 years old were considered.
In order to find out to what extent different levels of motor cognitive development have an impact on their ability to interact with multi-touch devices and given that age is a main factor in other studies that analyze motor and cognitive skills development in children with DS (Malak et al., 2013 ) (Wishart, 1993) , participants were divided into two groups: children from 5 to 7 and from 8 to 10. According to (Piaget, 1973) , children in the first age group are in the final phase of the preoperational stage and those in the older age group are in the concrete operational stage.
The performance of the two groups was analyzed to find any differences between them. In addition, as stated above, development differences have been reported between male and female neuro-typical children in early development, making gender another focus of interest in our study. Hence, the participants were also balanced in terms of this factor. As a result, Gender and Age group were the two main independent variables considered. The Completion time and the Success rate were the two measured dependent variables for each task (tap, double tap, long press, drag, scale up, scale down, one-finger rotation). Moreover, an observer wrote down the usability issues that happened along the tasks in order to have qualitative data about the interactions.
The following alternative hypotheses were defined:
The task has an effect on the degree of success  H 1B : The task has an effect on the completion time  H 1C : Gender has an effect on the success rate of task k  H 1D : Age has an effect on the success rate of task k  H 1E : Gender has an effect on the completion time of task k  H 1F : Age has an effect on the completion time of task k
The corresponding null hypotheses for the alternative hypotheses listed above will be: H 0i = ¬H 1i
The first two hypotheses were related to the homogeneity of the success rates and completion times of the different tasks and the other four were defined for each task performed (type of gesture).
Participants
In order to answer the research questions listed above, fifty-five DS children aged between 5
and 10 years took part in the experiment (Mean (M) = 6.67, Standard Deviation (SD) = 1.50).
The genders of the participants were balanced, with 30 males and 25 females. The children were divided in two age groups: 5 to 7 years (12 males and 12 females), 8 to 10 years (18 males and 13 females). The children involved in the experiment were from special centers for DS children.
These centers apply personalized and individualized educational methodologies to help DS children develop new cognitive and motor skills. All children had previous experience using parental smartphones.
Equipment
The interaction framework for the experiment was implemented in Java using JMonkeyEngine SDK v.3.0beta. The device used for deployment and the experiment was a Szenio 10.1 tablet with Android 4.2 with a capacitive multi-touch screen with a resolution of 1024x600 pixels.
Procedure
For each task, the children were accompanied by an instructor for up to-5-minutes to understand the gestures to be performed. If they understood the tasks before the 5 minutes, the task began at that moment. The experimental platform then asked them to perform the task without any assistance (see Figure 1 ). They had to perform three repetitions of each gesture under specific conditions (see Tasks section). Different images of animals were used in the tasks having all of them the same size (5x5 cm). When the gesture was completed successfully, the platform gave a positive audiovisual feedback. If the instructor saw that the participant did not carry out the task in a given time, it was marked as undone and the child went on to the next one.
For each interaction, the system recorded the start time (seconds needed to go into action after the visual stimulus was shown), completion time, success (performed correctly or incorrectly), and the number of contacts with the surface (in order to know in an unsuccessful action whether the user had made any attempt to interact). A qualitative analysis was also carried out from the notes taken by an external observer during the experimental sessions. The observer writes down the children' behaviors while they are performing a task and, after the session, aggregates the data in order to have a count of the times that a behavior occurs. Hence, the aggregated data could be reported and discussed in order to understand and explain possible usability issues. 
Tasks
Task 1: Tap
A static image of an animal appears in a random position on the screen (see Figure 2) , and participants are requested to tap on the target image in order to pass the test.
Task 2: Double Tap
A static image of an animal appears in a random position on the screen (see Figure 2 ).
Participants are requested to double tap on the target image with one finger in order to pass the test. The task will succeed when the participants perform two taps in under 300 milliseconds, which is Android's default time interval for this gesture.
Task 3: Long Press
Participants are requested to carry out a long pressed gesture on the target image until the target disappears. The task will succeed when the participants put their finger on the target image and hold it for at least 500 milliseconds, which corresponds to the Android's default time interval for this gesture. 
Task 4: Drag
A static image of an animal appears in a random position on the screen and the same (reference) image appears in a white profile in another random position, always at a distance of 378 pixels so as to be able to compare execution times among the different subjects (see Figure 3) . The random position of the reference image is subject to some geometric restrictions, to make sure that it is completely visible on the surface. Participants are requested to drag the target to the reference image with one finger. The task will succeed when the target image reaches the location of the reference image with a precision of less than 10 pixels on each X and Y axis. It is not necessary for the subject to lift his/her hand to reach success. 
Task: One-finger rotation
A static image of an animal appears in the center of the screen in front of a blank profile of the same image in a different orientation. Rotation is always clockwise to a fixed position so as to be able to compare interaction execution times among subjects (see Figure 5 ). Participants are requested to rotate the target image to the position of the reference image by dragging one finger around the center of the target image. Pressure can be applied on the target image itself or anywhere around it. The task will succeed when the target image reaches an angle larger than the specified goal, which is automatically detected by the system to provide positive audiovisual feedback. 
Results
In this section, the results of the experimental tests are presented according to each of the analyzed independent variables. First of all, the tasks are compared in Section 5.1, then the completion time is addressed in Section 5.2 and the success rate is explored in Section 5.3.
Task comparison
The three tests carried out by each participant for each task were also combined in order to depict the success as a percentage. If a participant performed successfully either zero or one tests in a specific task, he (she) was considered incapable of performing it, whereas if they successfully performed two or three tests in a specific task, they were considered capable of doing it, as they actually showed their ability to consistently reproduce the gesture several times. According to this codification the success rate for each task is shown in Figure 6 , in which it can be seen that, except for long press, all the tasks were performed with nearly a 100% of success rate. A pair-wise task comparison was conducted to test whether degree of success was independent of task. A Pearson's chi-square test of independence was used. A Bonferroni correction that establishes statistical significance at p<0.05/21=0.00238 has been applied due to the large number of comparisons (21 hypotheses). Table 2 shows the results of the statistical analysis.
Each cell contains the significance obtained from the analysis of each pair of tasks (*, p<0.00238; **, p<0.001). As can be seen in Figure 6 , the results in Table 2 showed that not all the gestures had the same success rates; hence H 1A is accepted. According to the statistical tests, the success rate for the long press gesture is significantly lower (around 70 per cent) than that of the remaining tasks (tap, double tap, drag, scale up, scale down and one-finger rotation) in which the children achieved similar success rates (around 100 per cent).
The variance in completion time of each task is presented in Table 3 and was also analyzed. Table 4 shows Levene`s test for the homogeneity of variance in the completion time when comparing the tasks. Each cell contains the significance of a combination of two tasks. In this case χ²(DoF(Task X, Task Y)= DoF(Task X)+ DoF(Task Y)-2 (see Table 5 for the DoF values of each task). Given the large number of comparisons (a family of m=21 hypotheses) we applied a Bonferroni correction that establishes statistical significance at p<0.05/21=0.00238. 
Completion time
In order to aggregate the data per participant and task, the three trials carried out by each one per gesture were combined. The average of each subject's successful tasks was used to obtain the average completion time value per task and user. If the test was not performed successfully it was not included in the completion time analysis, resulting in different statistical degrees of freedom for each task. The mean completion time for each task by age group and gender is given in Table 8 and Table 9 (see Appendix A).
A two-way between-subject ANOVA with the independent variables gender and age group and dependent variable completion time was applied. The statistical analysis (Table 5) demonstrated that age and gender have no significant effect on the completion time in any of the tasks. Hence, the hypotheses H 1E and H 1F cannot be accepted according to the conducted tests. 
Success rate
In order to obtain one value per user and task, the success data was combined as detailed in the Task comparison section. The resulting success rate of each task is shown in Table 10 and Table Figure 7 . Success rate by task and age group.
Pearson's chi-square tests were conducted on each gesture to determine the independence of success from two qualitative factors (gender and age group). H 1D cannot be accepted for most of the tasks since the tests showed that age has no effect on the degree of success for the Tap, Double Tap, Drag, Scale Up, Scale Down and One-Finger Rotation tasks (see Table 6 ).
However, the results are in support of H 1D and it is accepted in the Long Press task because the older age group performed the task with a significantly higher success rate than the younger group. Regarding the gender factor, the analysis revealed that gender has no effect on the degree of success in any of the tasks (see Table 6 ). Hence, H 1C is rejected. In Figure 8 we can see a histogram of the number of users able to perform a given number of tasks successfully (ranging from 0 to 7). On one hand, only one user failed in more than one task; and in fact failed in three of the tasks (Long Press, One-Finger Rotation and Scale Down).
On the other hand, we can see that 98% of the users were able to perform 6 or 7 of the evaluated multi-touch gestures.
Observational findings
In addition to the automatic data logging that was performed to measure completion times and degree of success, an external observer gathered valuable information regarding the behavior of children during the experiments. The observer counted the times an issue occurred when it had an impact on the gesture performance in terms of both; success to achieve the task or time needed to achieve the task. These observations revealed different precision issues that will now be described.
The main issue that the external observer reported occurred in the Long Press task in which children have to tap an element with one finger and hold it for a given amount of time to succeed. In this case, children hold their finger on the target but sometimes they perform little undesired movements with their finger which are read by the system as drag events. This precision issue prevents children to complete the task successfully. When this situation occurs, children feel upset, frustrated and make visible their disenchantment with the game by saying that it is not working properly. Right away, they lift their finger from the tablet and retry to succeed in the task by pressing very hard on the target. This makes the task more difficult since the harder they press the more likely to perform undesired drag events. Succedeed tasks
Users
Another recurrent situation was the cognitive complexity associated with the process of counting in the double tap interaction. Several children tapped repeatedly on the screen 4 or 5 times even when the target had disappeared instead of only tapping the 2 taps required to succeed in the task. According to educators there are two possible reasons to explain this fact; the first one is that children were unable to count the number of required events whereas others could be able to count but had motor-inhibition problems that prevent them to spot after two taps.
In the gestures which require two contact points to be performed such as Scale up and Scale down the participants who tried to pass the task by using both hands sometimes had some issues since they tend to rest their hand on the surface and this prevented the system to correctly perceive the scale gesture. So, some children experiencing this issue changed their strategy to succeed in the task and used two fingers of the same hand (the index and thumb) pointing out that this strategy was more comfortable for them. In addition, children with DS were not able to estimate the initial distance between their fingers on the surface and could not perform the task with one, or at most two, scale down operations; so they were forced to continuously repeat the following sequence: move fingers together, take fingers off surface, put fingers on surface but close to each other.
Finally, two issues were observed in the rotation task. The first one relative to the performance of the gesture; although the task was designed to be performed only with one contact, two users tried to accomplish the task with two hands preventing them to succeed. The second issue reported was relative to the efficiency when performing the gesture; most of the children rotate the target in clockwise direction despite the fact that sometimes the shortest way to pass the task was to rotate in the anticlockwise direction. This could be because they were right handed and using clockwise rotations they were not occluding the target element with their hands. Table 7 shows the number of users who had the issues reported above by age group and by gender. As can be seen, the most usual issues happened with the long press (55% of the total observed issues) and the double tap (31%) tasks. In these cases, the issues were present in both age groups alike. On the other hand, the scales and rotation issues appear less frequently and only in the older age group. Conclusions cannot be drawn about the source of these issues because only two users were involved.
Regarding the occurrence of the issues by gender, there is a balanced distribution of the issues with respect to this factor (see Table 7 ).
These issues will be discussed below in the context of the interaction aids or design guidelines that application designers should take into account if these touch interactions are included in future applications.
Discussion
Usability issues and design considerations
According to the previous results, DS children are able to perform almost all the basic set of multi-touch gestures with high success rates (around 100%), including gestures such as tap, double tap, drag, scale up, scale down and one-finger rotation. However, some usability problems were already reported as observational findings that need specific design considerations. The entry precision problem of the long press gesture would require an assistive technique that filters these involuntary drag events in order to adapt this gesture to the children actual motor skills. Although the other issues observed reported above (double tap, scale and rotation) did not affect the success rate when performing the gestures, several design strategies could be implemented to help children achieve the tasks in a more efficient way. For example, in the rotation task, the issue about the direction in which children performed the rotation, the application could use graphical semiotics to inform children about the shortest way to achieve the task and prevent them to always use the clockwise option. In addition, in the double tap task, the issue with the number of taps performed by children should be taken into account by designers in order to filter the extra taps performed immediately after a double tap gesture to avoid undesired actions. Finally, with the issue about the estimation of a distance to perform a scale down gesture, designers may consider this and restrict the use of this gesture in their applications if the time to perform a task is an essential requirement.
Comparison with neuro-typically developed children
Comparing the results with a previous work evaluating the same basic set of gestures with typically developed pre-kindergarten children (aged 2 to 3) (Nacher et al., 2015) , several similarities can be seen. In both groups, typically developed pre-kindergarten children and children with DS aged 5 to 10, the results revealed no significant differences among subjects for the success variable with respect to gender or age and that completion time is not affected by gender.
Another similarity is the presence in both groups of usability issues that were already discussed related to the long press, double tap and scale gestures. This is in accordance with previous studies (Pueschel, 2009) , revealing that children with DS achieve the same gross motor function at approximately twice the age of typically developed children.
However, in terms of completion time to achieve success, on average pre-kindergarten children needed more time to complete the tap, double tap, long pressed, scale up, drag and one finger rotation gestures. In conclusion, the basic set of multi-touch gestures tested is less demanding for children with DS aged 5 to 10 than for typically developed pre-kindergarteners (aged 2 to 3) in terms of the time needed to perform them.
In terms of the effectiveness to interact with multi-touch devices of smaller size than those evaluated in our work, a previous work (Vatavu et al., 2015) with typically developing children aged 3 to 6 showed that they had higher success rates when performing some touch gestures (such as tap, double tap and drag & drop) with smartphones than with tablet devices. Moreover, the results obtained in the work (Reis and Margarida, 2015) indicate no significant differences in the interaction between smartphones and tablets with a DS boy aged 15. However, the confirmation of these results for DS children aged 5 to 10 would require additional research.
Finally, the results allow designers to follow a design for all approach in which the special needs of children with DS will be supported by the technology transparently (i.e. the interface will adjust to the development level of the users) in an adaptive way.
Threats to validity
Certain precautions should be taken before extrapolating the results obtained in this study to other contexts. In the case of dynamic gestures, i.e. those that require movement of contact to be performed, success was achieved when passing a certain border. For example, in the drag gesture success was achieved when the target reached the location of the reference with a precision of less than 10 pixels on each X and Y axis, but it was not necessary to lift the finger from the screen. In scale gestures success was achieved when passing the border of the target size and in the rotation task success was achieved when passing over the expected orientation.
Therefore, no precision was required in the termination phase of the gestures and additional experiments would be needed to verify whether this additional precision requirement would have a significant impact on performance.
According to (Hinrichs and Carpendale, 2011) , there is evidence that some events are affected by previous and subsequent events. Therefore, given that this study tested the gestures in isolation, the obtained results cannot be generalized to scenarios that combine several sequences of different multi-touch gestures.
Conclusions and future work
In this work we evaluated a basic set of multi-touch gestures (tap, double tap, long press, drag, scale up, scale down and one finger rotation) with 55 DS children in order to find out whether this specific type of user is able to use multi-touch technology and to determine the most suitable gestures for them.
The results obtained show that 5 to 10 year-old DS children are able to perform most of the evaluated multi-touch gestures with success rates close to 100 per cent. Hence, these gestures may be used in future designs of touch-screen applications aimed at these children and would enable designers to fully exploit the power of multi-touch technology to enable richer intuitive and natural interactions.
Only the long press gesture, in which the children scored a 70% success rate, presented some issues. In this case, the children (mainly the youngest) did not have the required motor skills to press the target and hold their finger on it. An assisted strategy to filter out undesired spurious events at the beginning of the interaction could therefore be included in order to adapt this gesture to the children's actual motor skills.
The results obtained from this work suggest that DS children are able to perform a basic set of multi-touch gestures when no precision is required in the termination phase of the gestures.
However, some trends of future work arise and need to be addressed by researchers in the near future. For example, it remains to be explored whether they are able to use these gestures when high levels of accuracy are required in the termination of the gesture. Future work may be carried out to ascertain whether DS children's motor skills fit with applications which require high levels of precision when performing the gestures. In the present study the gestures were evaluated in isolation and more research is needed to determine whether these children are able to perform these multi-touch gestures in sequences.
Another interesting line of work would be the design and evaluation of semiotic approaches to communicate touch gestures to users, such as that proposed by Hiniker et al. (Hiniker et al., 2015) and Nacher et al. (Nacher et al., 2017) . These graphical languages could help designers to develop interfaces that inform users of the actions expected of them.
It would also be worth evaluating other complex gestures such as tracing a straight line, horizontal/vertical scroll, circular tracing, etc. and additional principles of design such as Fitt's law.
Finally, it remains to be studied whether more cognitively complex tasks involving these basic set of gestures may be effectively achieved and whether new defined gestures with specific associated semantics may be learnt by DS children. 
Appendix A
